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Critical Temperatures and Critical Fields of 
"t 

Multiplc Superconducting and Normal Conducting Films. 

i-t R. J, Duffy and Hans Meissner 

Department of Physics, Stevens Institute of Technology 

critical temperatures and critical macnetic fields have been determined 

for a series of superposed normal and superconducting films. Both Cu-Sn and Au-Sn 

samples were investigated. The samp1.e~ were prepared by vacuum deposition methods 

or by electroplating. 

The dependence of the criticql temperature T 

thickness is compared with recent theories. Experimental evidence is given that 

the observed effects are true proximity e f f e c t s ,  caused by the f r e e  exchange of 

electrons between the two metnls and that metallic diffusion alone is not respon- 

sible for the observed phenomena. The critical rnap,nctic f i e l d s  of both single and 

multiple films are compared with the microscopic theories. It is shown that at fields 

near the critical fields with the multiple film still superconducting the gap function 

A(r) and the magnetization are negligibly small on the normal side of the film. 

Thicknesses of the Sn films ranged from 160 8 to 2700 8. 
of t h e  multiple film on normal metal 
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I. INTRODUCTION - 

If R thin specimen of a superconducting metal is in intimate contact with a 

normal conducting metal (or another superconductor which is still 1.n the normal 

state at the temperature in question), the value of the critical temperature Tc is 

lower than the value for the superconductor alone. Many recent 

investigated this phonomenon and several theoretical explanations have been 

proposed. 697 '9-12 Werthamer 7y11 and deGennes'* have shown that such a proximity 

effect should exist due to a change in the gap-function A(r). The value of b(r) 
is altered in the superconductor due to the presence of the normal metal and takes 

on a non-zero value in the normal side. The lowest eigenvalue of their equation 

for In general A(r) is a function 

of the magnetic field and goes to zero at the critical magnetic field Hc. Since 

have 

%L rr, 

gives the value of Tc for each sample. 
A* 

A(r) is altered by the presence of a normal metal, Hc also should vary as a function 
% 

of the thickness of the normal metal. 

L (parallel to the film), 
In this paper we present our results of the determination of T and Hyfor 

cA C 

thin multiple film samples. Our samples were made by vacuum deposition of the metals 

on glass substrates. Resistance measurements were med to determine H as a function 

of temperature. .To obtain meaningful data in this way, it was necessary to mechan- 

ically trim the sample edges, assuring a constant film thickness. Thus each sample 

was at room temperature for a short time, causing some unavoidable diffusion between 

the two metals. 

C 

In section I1 we present the experimental procedures used for fabricating the 

samples and for determining the resistance, Tc, and H 

discusses the resistances of each set of samples showing the effects of diffusion. 

In section IV we present the data for T 

of each sample. Section I11 
C 

and show the effects of diffusion and of 
C 



t h e  proximity of t h e  normal metal  on t h e  value of  T . Sect ion V then  t reats  I1 

both f o r  s i n g l e  and composite f i lms .  The r e s u l t s  are s.na3.yzed i n  terms of t h e  

t h e o r i e s  of deGennes 

C C 

14 and deGennes and Tinkham13 which provide a r igorous  t r e a t -  

;i:ent o f - the  c r i t i c a l  f i e l d  of a l loyed  t h i n  f i lms ,  and which are knotm t o  agree q u i t e  

wel l  with experiment. 15 

11. EXPERIMENTAL PROCEDURES 

A .  Samples 

The samples w e r e  prepared i n  a high vacuum evaporator.  Tin w a s  chosen as t h e  

superconductor and both gold and copper were used as t h e  normal metal. 

of t h e  Sn f i l m s ,  d 

noma: metal ,  dn,  ranged from 0.1 d 

t h e  th innes t  samples, H w a s  only determined f o r  t he  l a r g e r  values  of d . For a l l  

f i lms  inves t iga t ed  t h e  magnetic t r a n s i t i o n  was of second o rde r ,  i .e.  &r)  went t o  

zero continuously as H approaches H . This  i s  t h e  usua l  case t r e a t e d  by t h e o r i e s  

The th ickness  

w a s  i n  t h e  range of 160 8 t o  2700 8. The th ickness  of t h e  s' 

to 1.0 (? . 3eeal;se of t h e  hlgh values  of H for  
S S C 

C S 

- 
13,14,16 

C 

The samples were made i n  t h e  shape of an "HI' by placing a metal mask i n  f r o n t  

This gave a film of uniform th ickness  except f o r  t h e  penumbra of t h e  subs t r a t e s .  

around t h e  edges,  which w a s  removed by trimming each s i d e  with a sca lpe l .  

t h e  r e s u l t i n g  d i f f u s i o n  between t h e  two metals,  a s p e c i a l  evaporator w a s  designed t o  

To c o n t r o l  

produce an e n t i r e  s e t  of 

held constant  and d w a s  ... 
I1 

a l l  samples i n  a s e t  w a s  

mu l t ip l e  samples a t  t h e  same t i m e .  

var ied  f o r  each sample of t h e  set .  The thermal h i s t o r y  of 

kept i d e n t i c a l .  

The value of ds w a s  

It w a s  poss ib l e  t o  produce a s e t  of  e ight  composite films, one Sn film as w e l l  

as a separa te  s e r i e s  of s m a l l  s i n g l e  films, t h e  la t ter  t o  be used f o r  t h e  o p t i c a l  

determinat ion of t h e  th icknesses  .17 With a s l i g h t  modif icat ion,  four  composite films, 
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four  s i n g l e  normal f i lms  and one Sn f i l m  could be made. The metals could be 

evaporated i n  e i t h e r  o rde r ,  but  i n  general  it was b e t t e r  t o  depos i t  t h e  normal 

metal f irst ,  where d i f f e r e n t  thicknesses  were achieved by moving a s h u t t e r ,  and then 

' to depas i t e  a constant  l a y e r  of Sn. T h i s  insured t h a t  each sample was exposed t o  t h e  

r a d i a t i o n  from t h e  molten Sn f o r  the  s m e  length  of t i m e .  

b 
The metals  were evaporated from molydenum hea te r s  each of which 

permit outgassing of the  metals i n  t h e  molten s t a t e .  "he subs t r a t e s  
A 

commercial microscope s l i d e s ,  cleaned with methanol i n  an u l t r a son ic  

w a s  shielded t o  

were cu t  from 

c leaner  and 

clamped aga ins t  8 brass block i n  the  evaporator. Springs made of phospor bronze 

maintained thermal contac t  between t h e  glass and t h e  brass block which could e i t h e r  

be cooled w i t h  l i q u i d  ni t rogen o r  heated w i t h  a Michrome hea ter .  The temperature of 

the block w a s  monitored w i t h  a thermocouple. A l i q u i d  helium cold trap was pos i t ioned  

between t h e  sample holder and the  pumping l i n e .  

02, H2, and CO 

The t o t a l  pressure during evaporation was less t h a n  4 x 

It reduced t h e  p a r t i a l  p ressures  of 

18 which are known t o  influence t h e  c r j . t i c a l  f i e lds  of  t h i n  films. 2 

t o r r . .  

During deposi t ion the subs t r a t e  holder w a s  cooled w i t h  a constant  flow of 

The r e s u l t i n g  c r y s t a l  s i z e  w a s  about 800 8 f o r  d l i q u i d  ni t rogen.  For 

t h e  case of t h e  Cu-Sn samples, t h e  f i l m s  would crack i f  both metals  were deposited 

consecut ively onto t h e  cold s u b s t s t r a t e s .  It w a s  necessary t o  anneal t h e  Cu films 

at  200 OC f o r  a few minutes before  recool ing t h e  s u b s t r a t e s  f o r  t h e  depos i t ion  of 

Sn. 

samples t h i s  procedure w a s  not  necessary and the t w o  f i lms  were deposi ted consecut ively.  

= 1000 8. 
S 

"he t o t a l  time f o r  t h e  heat ing and recool ing  w a s  45 minutes. For t h e  Au-Sn 

Af ter  t h e  evaporation w a s  completed, helium gas w a s  admitted i n t o  t h e  vacuum 

chamber t o  warm t h e  

in '  l i q u i d  ni t rogen.  

samples t o  room temperature. They were then removed and s to red  

"hey were l a t e r  brought back t o  room temperature,  two a t  a t i m e ,  
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trimmed and mounted in the experimental cryostat. 

erature was always between 90 and 120 minutes. 

The total time at room temp- 

Fgr purposes of comparison, two additional mer;hods were used for making 

samples. 

electroplated onto each. 

a plating current density of 5 ma/cm . 
four ieentical composite films in the evaporator. 

removed electrolytically in a potassium cyanide solution. The current density was 

again 5 na/cm . 

One set was made by vacuum deposition of eight Sn films and then gold was 

A gold cyanide solution (Baker & Co. No 319) was used with 
2 

A second set was made by first depositing 

Then various amounts of gold were 

2 We shall refer to these as "polished samples." 

In all,12 sets of samples were prepared. 

critical temperatures and the measured values of F1 (T) can be found in the thesis. 

Ih-tails about their resistances, 

19 
C 

B. Measurements 

parallel to the applied m:!iy:nct ic f ieldj 
The samples were m o m n  a niobium field coil which had overwound ends and 

A 
was capable of providing a field of 11000 Oe with R uniformity of better than 0.1% 

over the volume occupied by the samples. 

samples were always quite large the earth's field was not compensated. 

Since t h e  critical fields, Hc, of our 

The field coil was mounted in the inner vessel of a double Dewar cryostat. l9 A 

high capacity pumping system lowered t .he temperature of the inner vessel to 0.8OK, 

while the outer helium bath could be pumped down to 1.2OK. 

20 The temperature of the inner bath was determined by vapor pressure measurements, 

or, at the lowest temperatures, by a calibrated carbon resistance thermometer. 

Both T and H (T) were determined by observing the resistance transition from 
C C 
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the normal to the superconducting state and were defined as the point of 50% of the 

normal resistance. The critical field transitions were plotted with an x-y recorder 

and were reversible as expected for second order transitions. The value of T was 

also checked by extrapolating the Hc(T) data to zero field. 

within 2%,  while T was determined to 2 0.01 K. 

C 

I1 was determined to 
C 

0 
C 

The resistance of the samples was measured with a four terminal network and 

precision potentiometer. 

finding the null position. 

A Leeds and Northrup DC microvolt amplifier was used for 

The thickness of each film was determined by using fringe shifts of equal 

chromatic order.17 The single films which had been made durinE the production of 

the samples were removed from the evaporator and within 8 few minutes were covered 

with a thick layer of aluminum in another evaporator. 

determined each thickness to an accuracy of 230 8. 
??le subsequent measurements 

For films thinner than 150 8 a 
calibration of thickness vs. time of evaporation was used. We estimate that these 

values are accurate to 20%. 

FiGures 1 and 2 show some typical data for our samples. Figure 1 shows the 

reduced critical temperature ?: = Tc/Tcs as a function of d T 

is the critical temperature for the composite sample and T is its value for the 

single Sn film. The behavior in general is what is found by other investigators. 

The slight differences will be discussed later. 

a set of Au-Sn samples. It shows the general behavior that was found for these 

samples namely, T The temp- 

erature dependence of Hc(T) is that expected for thin films with limited electronic 

for Cu-Sn samples; n C 

cs 

2 Figure 2 shows Hc(T) vs. T for 

decreases and H (0) increases as dn is increased. 
C C 

mean free paths. 

- 5 -  



111. RESISTIVITY -- 

We found t h a t  t h e  r e s i s t i v e  proper t ies  of our mul t ip le  f i l m s  were q u i t e  d i f -  

f3rent from those  of s ing le  f i lms .  The e l ec t ron ic  mean f r e e  path r' i n  t h e  composite 

samples w a s  g r e a t l y  reduced below t h e  va lue  i n  a bare  Sn film where ('(s . 
0 Figure 3 shows t h e  r e s i s t a n c e  a t  4 .2  K i n a / s q  of a set of samples as a funct ion 

of t h e  t o t a l  th ickness  d = dS + d 

p l o t t e d  a t  d = 775 8. 
quite c l e a r l y  t h a t  d i f fus ion  has taken place between t h e  t w o  metals .  

then begins  t o  decrease as d i s  fu r the r  increased.  

of t h e  two films. Thus t h e  Cn f i l m  with dn = 0 is 

The r e s i s t ance  increases  very r ap id ly  as d increases ,  showing 
n 

n 

The r e s i s t a n c e  

n 

It is c l e a r  t h a t  t h e  values  o f t h e  r e s i s t i v i t i e s  9 for single films are use l e s s  

fcr an ana lys i s  of OUF data.  We have t he re fo re  used t he  followinp, method t o  deduce 

a reasonable value of 3 and t f o r  our samples. 

family of curves which g ive  t h e  r e s i s t ance  i n  &/SQ vs .  f i lm th ickness  f o r  a ma te r i a l  

charac te r ized  by a bulk mean f ree  path toand t h e  constant  am2 . 
The curves were ca lcu la ted  using Sondheimer ' s  r e l a t i o n 2 1  f o r  diff 'use s c a t t e r i n g .  

value of t h e  constant  22y23 Y c  
Au w i t h  an e r r o r  of about 10%. 

On t h e  same p l o t  we have drawn a 

-11 to = 1.12 x 10 

The 

i s  an average value t h a t  can be used f o r  Sn and 

The poin t  for  t h e  s i n g l e  Sn film has a value of !,which is  approximately equal  

t o  ds. 

decreases  u n t i l  it remains constant  a t  approximately 60 8. 
assume that for these  last  samples 60 8 should g ive  a good estimate f o r  lo i n  both 

films. For t h e  samples w i t h  small dn t h e  value of lo should be a good estimate i n  

t h e  Sn but not  necessa r i ly  i n  the Au. 1000 8 ,  t h e  f i n a l  

value of lo is much larger, about l t=200R.  

As gold is  added t h e  r e s i s t ance  increases  and t h e  e f f e c t i v e  value of c, 
It seems reasonable  t o  

For t h i c k e r  t i n  f i lms ,  d 
S 
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i 

If i',<<d then t h e  a c t u a l  mean f r e e  path e i s  equal  t o  i?* . For !oLd we can 

use  t h e  r e l a t i o n  

This expresses  t h e  fact t h a t  t h e  product f l  is  approximately a constant  f o r  a given 

lit, (d~+  d, .) (Note t h a t  R,, i s  in&!/sq). metal .  The value f o r  i s  taken as 

I V .  CRITICAL TEMPERATURES 

The t h e o r i e s  of deGennes'* and 

f o r  T of a composite sample, 
C 

and 

9 ;  

lert tamer 7'11 give  the  following t w o  r e l a t i o n s  

t h e  l a t t e r  follows from the boundary condi t ions a t  t h e  i n t e r f a c e  of t h e  two metals. 

Here Tcs and Tcn are t h e  t r a n s i t i o n  temperatures of t h e  ind iv idua l  films and N i s  

t h e  d e n s i t y  of e l ec t ron  states at t h e  Fermi su r face  of each metal. The f u n c t i o n q z )  

is given by 

w h e r e . v i s  t h e d i  gmma func t ion ,  and f;is given by x 

where 

and kg is  t h e  Boltzmann cons tan t ,  the  subscr ip t  i refers t o  e i ther  n (normal) or  s 

(superconducting) metal. 

vF i s  t h e  Fermi v e l o c i t y ,  l i s  t h e  e l e c t r o n i c  mean free path i n  each metal  

Assuming t h a t  T 'L 0 and using the  expansion z )  i n  re ference  11 we f i n d  cn 
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t h a t  ( 2 )  becomes 

Tc/Tcs- where T =  
I 

. 'E 
Iiere !;is normalized t o  r= 1 and t h e  r e l a t i o n  ti= flS h a s  been used. The 

q u a n t i t i e s  k descr ibe  t h e  v a r i a t i o n  of A( , )  i n  each metal. i m 

Combining equations ( 6 )  and ( 3 )  then gives  

This i s  not an e x p l i c i t  equation f o r  'I? s ince  k 

I n  add i t ion  both ki and f ;  are funct ions of t and thus  chance from sample t o  sample. 

To avoid these  d i f f i c u l t i e s ,  w e  focus our a t t e n t i o n  near y= 1 where k 

small. 

and k each a r e  func t ions  of r .  n S 

and d 'are  
S n 

Expanding the r i g h t  hand side of (7 )  t o  f irst  order  g ives  

From Eq. (8) we ob ta in  for t h e  i n i t i a l  s lope of t h e  curves of Fig. l a n d  5 :  

The i n i t i a l  s lope  is determined by the  r a t i o  of t h e  dens i ty  of  states i n  t h e  t w o  

metals and t h e  th ickness  of t h e  superconductor. 

I n  Figure 4 we have p l o t t e d  -(d&) vs. d f o r  both Cu-Sn and Au-Sn z1 I S 

samples. 

b ina t ions ,  where we have used t h e  r e l a t i o n  (FTs/Nn) = (rs/g), r b e i n g  t h e  c o e f f i c i e n t  

of  t h e  e l ec t ron ic  s p e c i f i c  hea t ;  

10 erg/deg cm3, and Cu = 0.688 er,T/deg cm . The agreement g e t s  poorer as d 

increaszs  which is i n  p a r t  due t o  t h e  expansion of t a n ( k  d ) . 

The two s t r a i g h t  l i n e s  represent  t h e  s lope  ( l r / ~ ' )  ( N s / N n )  f o r  both corn- 

KU = 0.730 x 24,25 gn = 1.09 x 10 3 erg/deg 2 3  cm , 

3 2 2 3  
S 

s s  

Next w e  wish t o  d iscuss  the e f f e c t s  of a change i n  t ! .  If w e  look again a t  f i g u r e 1  

- 8 -  



we see t w o  types of behavior. The curves f o r  l a r g e  d show t h a t  i n  t h e  l i m i t  
S 

of l a r g e  d 'Ifassumes a constant  value.  The curves for small d however, do not 

show any l i m i t i n g  behavior. 

be expected depending on whether t h e  f i l m  thickness  i s  l a r g e r  o r  smaller  than 

'or dn,s) f n , s  

of dn. For d < 

n Sj 

DeGennes has pointed out  t h a t  both behaviors should 

. f 
he shows t h a t  % drops rapidly and goes t o  zero f o r  some f i n i t e  value 

t i le value of r r e a c h e s  a l i m i t i n g  value as a;&. 
f n , s  n , s  

With t h i s  i n  mind w e  have inves t iga ted  t h e  r e l a t i v e  magnitudes of ds a n d f s  

f o r  our f i lms .  By rewr i t ing  equation ( 5 )  us ing t h e  r e l a t i o n  

yp - (10) 

we f i n d  

For our Sn f i lms  we have used a value f o r  4 as discussed i n  Sec. I11 and 

Kn as for  Fig. 4, We have assumed tha t  r d o e s  not change appreciably due t o  i m -  

p u r i t i e s .  With these  assumptions, d was found t o  be smaller than  f s  f o r  ds = 160R. 

Thus w e  do not expect t o  see  a l imi t ing  value f o r  2 i n  agreement with Fig. 1. 

S 

The curve f o r  ds = 510 2 shows an i n t e r e s t i n g  behavior.  The l e v e l  por t ion  is 

followed by a s l i g h t  drop. 

po in t s  was l a r g e r  than f o r  t h e  preceeding two poin ts .  

behavior of l?' changed from one form t o  t h e  o ther .  

l e v e l  pos i t i on  and t h a t  it rose  t o  

both values  are smaller  than  ds = 510 8 it s t i l l  seems most l i k e l y  t h a t  t h e  drop 

The r e s i s t ance  data ind ica ted  t h a t  P for  t h e  last t w o  

This ind ica ted  t h a t  t h e  

W e  found t h a t  /L 400 2 f o r  t h e  
P s  

s~ 460 8 f o r  t h e  f i n a l  two poin ts .  Although f 
i n . r i s  due t o  t h e  increase  of 

Figure 5 shows T v s .  d f o r  some Sn-Au samples. One s e t ,  which i s  of n 
p a r t i c u l m  i n t e r e s t ,  c o n s i s t s  of t he  "yolished' samples discussed i n  Sec. 11. I f  

- 9 -  



t h e  major i ty  of t h e  e f f e c t s  Seen for COirlpOSite f i lms  were due t o  d i f fus ion  o r  a l l o y  

formation a t  t h e  metal i n t e r f ace ,  then remtjVing gold from t h e  ou te r  f ace  would have 

l i t t l e  o r  no e f f e c t  on t h e  value o f r .  

amount of eold i s  important.  

had t h e  same thermal h i s t o r i e s  as our o t h e r  sahples )  a r e  shown by t h e  squares.  

If a proximity e f f e c t  e x i s t s ,  then t h e  t o t a l  

Data points  f o r  t h e s e  "polished" samples (which all 

The value o f Z  increases  as Au is  removed and t h e  curve compares very wel l  with 

t h e  data f o r  our other  samples. 

T h i s  proves unambiguously t h a t  w e  are observing a proximity e f f e c t  as predic ted  

by theory.  However, i s  not a simple funct ion of d s ince  f changes from sample n 

t o  sample due t o  t h e  changes in!. 

e r a t u r e s  the re fo re  5 dortnwhile .  

A more d e t a i l e d  ana lys i s  of t h e  c r i t i c a l  temp- 
does not seem t o . b e  

V. CRITICAL PAGNETIC FIELDS 

A. Single  Sn Films 

I n  addi t ion  t o  mul t ip le  samples, t h e  c r i t i c a l  f i e l d s  €I of s i n g l e  Sn f i lms  w e r e  
C 

inves t iga ted .  

recent  t heo r i e s  of deGennes 

Since a l l  our samples a r e  "d i r ty"  superconductors we w i l l  use t h e  

and deGennes and Tinkham13 t o  d iscuss  our r e s u l t s .  14 

For a "d i r ty"  superconductor i n  a magnetic f i e l d ,  deGennes has shown tha.t  a t  

t h e  nucleat ion f i e l d  I ic (T) ,  4 (L) i s  t h e  samllest eigenfunction of t h e  equation 

- 10 - 



and that  t h e  eicenvalue cc ?ins :i tcmr;Wture denendence civen by 

t n  W t )  = Y&t+ it ~ C ~ x ' t )  (13) 

, ,wherc,vz)  i s  t h e  funct ion we 2iscussed i n  Secttoll I V .  I n  t hese  equat ions 

D = (L/Z)v,p, $o i s  t h e  fluxquantum hc/2e and t = T/Tc, w h e r e  '? i s  t h e  c r i t i c a l  

temperature of t h e  s m p l e  rrnc! T i s  sone lower temperature.  

C 

Y e a r t  = 1, ? n ( l / t )  - C and we can acain expanc! z )  as we d i d  before .  T h i s  1' 
g ives  

Then R ( t )  czn kc found by solvini: e m a t i o n  ( 1 2 )  for 

Equation Ilr then g ives  t3e t m p e r n t u r e  derencicncc ncnr  t = I. 

which i s  a func t ion  of  13. 
C 0 

26 

- 
It can be shown ttat € /D Is cqu?.l to L / t ! t ) ' ' ,  ~ ' ~ ' t r c  i (t) j s t h e  coherence 

0 > 

d i s t ance  as n f i n c t i o n  of tcmpcrsture. If f (t) 6 L i ,  ti-.-. film th ickness ,  surface 

c3 '  0 
superconduct ivi ty  e x i s t s  u? t o  a f i e l d  I! I In this C ~ J S C  S = 0.59 (2a€i/$o) g iv ing  

hc5= ( Z . C 6  kBx d j o / Y C ~  lJ(1-t) (15) 

and near  t = 1, t h e  temperature clewndence i s  l inear .  For d <$ ( t )  , deGennes acd 

Tinkham consider  two cases .  For Case I wherc ( <  c! < f (t), they f ind Eo = (2n) 2 DI! 2 2  d /125$' 
e 

3 3  3 

For Case 11, < ( t )  and€o =YZ2T!l'd /l6fOc giving 

t-r,(*)= (815 /jd) ~ ~ ~ ~ ~ ~ ~ ~ ~ ) ~ ~ ~ * / ~ ~ i ) ~ l - ~ ) ~  (17)  
I n  both cases  H c ( t )  GC (1-t ) 112. 

To decide which expresslon of H ( t )  i s  appropr ia te  f o r  our d a t a ,  w e  p l o t t e d  
C 

1, 
Hc(t) both as a funct ion of (1 - t )  and (1-t)'. Figure 6 shows t h e  p l o t  of H ( t )  vs. 

C 
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(1-t)'. 

A corresponding p l o t  of I1 ( t )  vs. (1-t) c l e a r l y  showed t h a t  H 

our f i lms .  T h i s  r e s u l t  i s  not surprisiny: s ince  i n  t he  region o f  t = 1, F( t )K (1-t)-l5. 

By s tay ing  c lose  enough t o  t = 1 t h e  condi t ion d <  

f o r  some very d i r t y  samples, t h a t  R l i n e a r  temperature dependence ex i s t ed  for t < 0.95. 

The da ta  near t = 1 Give a s c r i c s  of s t r c r i [ < h t  l i n e s  f o r  var ious samples. 
A 

i s  not observed for 
C c3  

(t) can he s a t i s f i e d .  We observed t 
1 

A l l  our 11 data f o r  both s i n g l e  and mul t ip lc  f i lms were p lo t t ed  vs .  (1-t)' t o  
C 

insure  that they were a l l  i n  t h e  proper l i m i t ,  a n d  to check t h e  observed values  of T 

by ext rapola t ing  t h e  curves t o  II = 0. Since a l l  the curves a r e  l i n e a r  a t  t = 0.96, 

w e  chose t h i s  value of IIc t o  be compared w i t h  equations (16)  or (17) i . e .  we def ined 

C 

* 
H = II (0 .96 ) .  

C C 

To analyze our H d a t a  f o r  s ing le  Sn f i lms it i s  necessary t o  know t h e  r a t io  

For P/a > 1. 
C * 

of P /d. 

t h e  appropr ia te  p l o t  would be as a function of  (1 

f o r  a l l  t h e  s ing le  f i l m s b d m a k i n g  it  necessary t o  look nt both func t iona l  dependences. 

With t h i s  i n  mind we rewr i te  cquations ( 1 6 )  a n d  (17)  R S  

For e/d < 1, Xc should be p lo t t ed  A S  a f i i ~ t i o n  of d-l  -'. 
-312 . The r e s i s t a n c e s  ind ica t e  t h a t  

for  e/d<:d and I 

for  e / d > i ,  where we use the  r e l a t i o n  fo = 0.18 (4fV/k T ) and Eq. (10).  

numerical cons tan ts  a r e  grouped i n t o  t h e  f a c t o r s  O( = 0.65, d2 = 0 .86 ,p1  = 1.53, 

p2 = 2.03, x i t h k / U =  2.36 f o r  both cases. 

"he F B c  

-1 

* 
If Hc i s  p lo t t ed  as a funct ion of /d then a l l  those  samples with !/d<l 

should f a l l  on a universa l  curve,  w h i l e  those  with 

depending on t h e i r  ind iv idua l  !/a r a t i o s .  

2 /d )  1 should s c a t t e r  somewhat, 

Fig.  7a shows t h a t  indeed 4 samples fall 

- 12 - 



on the same curve (the lower one) and an inspection of their resistances (see Eq. 1) 

shows that for these i/d<l. Plotting Hc as a function of d -3/2 should reverse 

the situation, all those samples with d/k > 1 should fall on a universal curve while 
those with 

* 

d/C 4 1 should scatter somewhat, depending on their individual e/d ratios 

Fig. 7b, however, shows that a11 sample points fall on the same line. This indicates 

that accidentally the e/d ratios of the groups of samples are fairly uniform and 

of such a value to give a single curve on this plot, one being e/d = 0.72, the ottwr 

[/d = 1.10. 

the slopes of the curves of Fig. 3 Or,= 0.52 and 6(,= 0.61 in reasonable agreement 

with the values of the constants listed above. 

t h.0 

t A  

Using the value ofrsn as given above and of T = 3.80 OK we find from 
C 

The curves of Fig. 7 can then be used to find the values of P/d from Eq. (I.!?) 

or (20) respectively and, with the thickness of the film, the value of the electronic 

mean free path e ,  
In table I the values of 1 obtained in this fashion are compared with those 

obtained from the resistivities, using Eq. I.. 

- 13 - 



Table I: Electronic  mean f r e e  paths  

f o r  s ing le  t i n  films 

1 2 3 

1250 850 830 

1320 850 828 

1200 1180 1150 

! /f4 w i t h  f oeo = 1.05 x 16"&cm2 a = fo 0 
e 

4 

1100 

1100 

1000 

7 

760 

715 

990 

e = value ca lcu la ted  from Hc(T) data using equations (18) and (19) r e spec t ive ly .  b 
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B. Mult iple  Films 

For t h e  case of mul t ip l e  f i l m s  the s o l u t i o n s  (16) and (17) should not hold 

exac t ly ,  s ince  t h e  r e s t r i c t i o n  on d ( r )  t o  derive equation (12)  ( t h a t  it be cons t an t )  

i s  no longer v a l i d .  

f o r  4 ( r )  which are d i f f e r e n t  f o r  t h e  two cases .  

44- 

I n  add i t ion ,  t h e  so lu t ion  f o r €  involves boundary condi t ions  
0 

& 

I n  our experiment, s ince  w e  measure t h e  sample's r e s i s t a n c e ,  w e  do not observe 

any change u n t i l  t h e  magnetic f i e l d  has caused t h e  energy cap t o  fall t o  zero  i n  

both metal films. 

most l i k e l y  t h a t  it can be zero t h e r e  while a non-zero value remains i n  t h e  super- 

Since t h e  energy gap i s  much smaller i n  t h e  normal s i d e ,  it i s  

conductor. 

Under t h e s e  condi t ions t h e  assumption t h a t  A ( r )  i s  a constant  i n  t h e  super- 

For t h e  case  

& 

conductor and t h a t  4 (r) = 0 i n  t h e  normal metal may be a r;ood one. 
& 

of  a constant  A ( r ) ,  t h e  problem of d i f f e r e n t  boundary condi t ions i s  of no importance. 

And i n  p a r t i c u l a r  t h e  boundary condi t ions p lay  no r o l e  i n  t h e  so lu t ion  given by 

equat ion (16).  

kc. 

For a l l  our  composite samples e / d  < 1, the re fo re  w e  w i l l  proceed 

t o  present  our resu l t s  using equation (16) o r  more conveniently equation (18). 

t h e  value of T changes f o r  each compositc s m p l e  w e  move $ t o  the  l e f t  s ide of Rq. (18) 

Since 

C C 

S ds + dn 
and w e  p l o t  Hc * 4  /Tc as a funct ion o f g  k /ds.  The th ickness  d and not d = 

is used because of our assumption t h a t  A (r) = 0 i n  t h e  normal s ide .  

is given by R 4 ( d s  + dn)  . 
A s  before  9 - 

I n  Figure 8 w e  show t h e  data f o r  two s e t s  of Au-Sn f i lms .  (One s e t  i s  p la ted  

and t h e  o the r  i s  evaporated.)  

l a r g e r  s lope  has approximately t h e  slope corresponding t o p ,  = 1.23  for pure Sn w i t h  

e / d < 1  i n  Fig. "a. 

For both,  ds i s  about 1200 8. The curve with t h e  

The open po in t s  are t h e  s i n g l e  Sn f i b i s  and have been. 
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correc ted  f o r  t h e i r  value of  e .  
f i t  t h e  curve f o r t / d 4 1 .  

w i t h k l  = 0.95,  again assuming t h a t r  does not change appreciably from i t s  value 

f o r  Sn. 

They both had E /d> 1 and thus  wcre cor rec ted  t o  

The naJo r i ty  of t h e  r o i n t s  are b e t t e r  f i t t e d  by a curve 

4 

Considering t h e  approximations,that have been made, as wcll as t h e  f a c t  t h a t  

exh i5 i t  l a r g e  changes, one i s  encouraged t o  th ink  t h a t  t h e  c r i t i c a l  both Tc and 

f i e l d s  of mul t ip l e  s m p l e s  can be handled by an equation such as (18). 

f o r  a d i f f e rence  i n  s lope  i s  not  c l ea r  although it may be connected with t h e  f a c t  

t h a t  f o r  t h e  samples on t h e  lower curve iC< d while C%d f o r  t h e  o thers .  

The reason 

Vi. COBCLUSIONS 

The n e a s u r s e n t s  on t h e  "plishec' ,"  saxples prove unmLbi.guously t h a t  a proximity 

effect ex ls t s  and t h a t  t h e  lowering of t h e  c r i t i c a l  temperatures of  mul t ip l e  films 

i s  not p r i n a r i i y  due t o  me ta l l i c  d i f fus ion .  

Diffusion is  c e r t a i n l y  present  i n  t h c  exgerlments. It inf luences  Tc and Iic(T) 

i n  as much as it changes t h e  e lec t ronic  mean f r e e  path 

The c r i t i c a l  f i e l d s  of mul t ip le  f i lms  agree f a i r l y  w e l l  with t h e  following nodel :  

Near H 

t h e  normal s ide  of tine film. 

tne ga? func t ion  A ( r )  . as well  as t h e  magnetization are n e g l i g i b l e  small i n  
4u. C 

The mul t ip l e  film then behaves l i k e  a s i n g l e  f i lm,of  th ickness  ds, of t h e  

superconducting p a r t  alone with t h e  value of t h e  e l e c t r o n i c  s p e c i f i c  hea t  approximately 

t h a t  of t h e  pure metal, t he  c r i t i c a l  temperature T of  t h e  mul'iole f i lm, 
C 

and an e l e c t r o n i c  mean 

free pa th  2 of t h e  mul t ip l e  f i lm.  

- 16 - 



The fact that ds and not dIl + ds is important is in agreement with measurements 

27,28 of the microwave absorption in gold films plated onto bulk tin. 
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Figure Captions 

Fig.  1. Reduced c r i t i ca l  temperature z = T ~ / T ~ ~  as a func t ion  of normal f i h  

th ickness  dn with superconducting f i l m  th ickness  d 

f i lms ,  vacuum deposi ted.  

as a parameter. Cu-Sn 
S 

2 Fig. 2. C r i t i c a l  f i e l d s  of a set  of go ld- t in  f i l m  as a func t ion  of  T . 

0 Fig.  3.  Resis tance a t  4 

f o r  a set  of vacum deposited Au-Sn f i lms .  

are drawn f o r  a ma te r i a l  with ( 

mean f r e e  pa th  e 

K ( i n  R/sq) as a func t ion  of total f i l m  th ickness  d = d_+d 
0 I'l 

For comparison a family of curves 

-11 n = 1.12 x 10 &bcm2 with bulk e l e c t r o n i c  
0 0  

as a p- d q i e t e r .  
0 

Fig. 5 .  Reduced c r i t i c a l  temperature ?= T /T as a func t ion  of d for Au-Sn sampler;. c c s  n 

o vacuum deposi ted Au-Sn samples 

a So-Au samples where gold has been removed by e l e c t r o l y t i c  polishink;. 

Fig.  6. Crit ical  f i e l d s  H (T) p lo t t ed  as a func t ion  of (l-t)?' f o r  t h e  same set; of' 
C 

Au-3-1 samples shown i n  Fig.  2.  The numbers on t h e  cu rves re fe r  t o  t h e  n o r a n l  

metal th ickness  dn. 

Y 

C C 
Fig.  7. Cri t ical  f i e l d s  H 

a.) as a func t ion  of y4 /a 
-3/2 b.) as a func t ion  of d 

= H (t = 0.96) for s i n g l e  Sn f i lms .  

- 18 - 



. . 

I 
Fig. 8. Critical fields HZ/K= H ( t = 0 . 9 6 ) / v  for two sets of multiple films 

C 

as a function of K/d . s 
d 

vacuum deposited 
o d S  = 1200 A 

ds = 1200 

dn = 0 

d = 55 - 540 a n 

Sn vacuum deposited 
Au plated. 

d = O  n I 
A d = l O O O x  

A d = l O O O a  d = 100 - 735 8 
8 

8 n 
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